Background {#s1}
==========

Gram positive bacteria *Bacillus thuringiensis* (Bt) is an environmentally safe biopesticide used against insects. It produces crystalline inclusions during the sporulation phase of its life cycle \[[@R01]\]. These Cry toxins are environmental friendly and provide protection against a wide range of insects like beetles, caterpillars, mosquito larvae etc. Pore formation takes place on the insect midgut brush border membrane after the receptor binds to the toxin. This leads to an osmotic imbalance for insect mortality \[[@R02]\]. Bt toxins binds with four different kinds of insect receptors through oligomerization \[[@R03]\]. The receptors include aminopeptidase­N (APN), cadherins, glycoproteins and alkaline phosphatase \[[@R04]\]. The APN receptor plays a major role with Cry toxin interactions. APN is a membrane protein and it undergoes post translational modifications (PTMs) through N and O­glycosylation process. N or O glycosylation is a post translational event that has implications on protein structure, stability, molecular recognition and signaling activities \[[@R05]\]. *M. sexta* aminopeptidase­N receptor attached to the midgut membrane with glycosyl phosphotidyl inositol (GPI) have anchoring function \[[@R04]\]. Moreover, mass spectrometric studies of the oligosaccharides were found to be Fuc2Hex3HexNAc3, Hex3HexNAc2, Fuc4Hex3HexNAc4 and Fuc3Hex3HexNAc3. These site specific oligosaccharides attached to different sites of APN are 295-297, 609-611, 623-625 and 752-754, respectively \[[@R06]\]. The cadherin receptor ­ toxin binding sites were identified by using phage display technique \[[@R07]\]. However, no such reports in APN receptor. Therefore, it is of interest to predict potential interaction sites with various ligands and peptides to understand receptor­toxin molecular interactions.

Methodology {#s2}
===========

Sequence {#s2a}
--------

The APN protein sequence of length 990 amino acid was retrieved from Swiss Prot (ID-Q11001).

Template structure {#s2b}
------------------

We used the template structure of Tricorn interacting factor from Thermoplasma acidophilum (PDB ID: 1ZIW) for modeling the APN protein.

Model refinement and evaluation {#s2c}
-------------------------------

The APN protein model was constructed by using Insight II (Accerlarys) molecular modeller program and the structure is minimized by applying consistence valance force field (CVFF). Subsequent minimization was done using steepest descent and conjugated gradient algorithms in discovery program. The predicted 3-D structure was evaluated using the PROCHECK program.

Structural and topological studies {#s2d}
----------------------------------

Detailed domain topologies of APN was predicted individually by using the TOPS program \[[@R09]\] and number of sheets and helices in the domains were counted by using the PROF program \[[@R10]\]. Oligosaccharides binding motifs of APN were predicted by using NetOGlyc and NetNGlyc programs from ExPasy site \[[@R08]\].

Oligosaccharides 3­D structure prediction {#s2e}
-----------------------------------------

2­D Oligosaccharide structures were collected from experimental data provided elsewhere \[[@R06]\] and their 3­D structures were constructed by using Chemultra and Chemsketch softwares. Moreover, file conversion was carried out using the OPEN BABLE software. Nevertheless, the above said structures, molecular weights and formulae were predicted with the help of ligand scout program and 3­D models were minimized by using the TINKKER software \[[@R11], [@R12]\]. The best conformational structures were selected on the basis of minimum energies.

Oligosaccharide docking and refinements {#s2f}
---------------------------------------

Specific Oligosaccharide molecules were docked on experimentally predetermined sites of APN. Docking was carried out using DOCK software version 6.0 and by applying AMBER force fields \[[@R13]\]. Oligosaccharides were docked one at a time to APN and the docking binding energies were calculated for four oligosaccharides.

Molecular interactions {#s2g}
----------------------

The Ligplot tool was used to generate molecular level interactions \[[@R14]\]. Xscore program was used to select the best conformations among the docked complexes.

Multiple sequence alignment and active site prediction {#s2h}
------------------------------------------------------

Multiple sequence alignment was performed using CLUSTAL­W to assess sequence conservation and polymorphism.

Active site identification {#s2i}
--------------------------

Interactive sites or motifs of APN were predicted using the POCKET program \[[@R16]\]. Active site analysis was performed using the ConSeq program which can identify the functional residues \[[@R15]\].

Solvent accessible surface area {#s2j}
-------------------------------

Solvent accessible surface area (SASA) is calculated using the POPS program.

Discussion {#s3}
==========

[Figure 1](#F1){ref-type="fig"} shows four predicted domains. Domain­I is located at the N­terminal region and it was found that domain I (1­193 amino acids) consists of an alpha helix and nine beta strands. Domain­II (194­443) consists of eight alpha helices, eleven beta strands and it has also been recognized as a catalytic domain. Domain­III (443­560) consists of four alpha helices and four beta strands. Domain­IV is located at the C­terminal region (565-995) consisting of nineteen alpha helices and seven beta strands. Experimental results show that oligosaccharides binding sites are located at various positions 295-297, 609-611, 623-625 and 752-754 \[[@R06]\].

Oligosaccharides 2D structures were converted into 3D structures and four potential oligosaccharides were docked to APN receptor at specific locations to develop glycoprotein models ([Table 1](#SD1){ref-type="supplementary-material"}). Oligosaccharide molecules are having different molecular weights. OS-1, OS-3 and OS-4 are fucosylated molecules, where as OS-2 is the only nonfucosylated molecule. Fuc2Hex3HexNAc3 is an oligosaccharide (OS-1) having molecular weight of 1563.76 with seven ringed structure. Hex3HexNAc2 is of (OS-2) five ringed structure with molecular weight of 1183.35. Fuc4Hex3HexNAc4 an eleven ringed structure (OS-3) and its molecular weight is 2334.77. The last oligosaccharide Fuc3Hex3HexNAc3 (OS-4) is a nine ringed structure with molecular weight of 2027.31.

The single oxygen atom of oligosaccharide OS-1 formed three hydrogen bonds with different residues of APN 295 N, 296 Y and 297 T with hydrogen bond lengths 17.3, 7.24 and 14.7, respectively and binding energy of 24976.2 Kcal/J. The insect motif 609NTT611 is highly conserved and it is commonly utilized for glycosylation \[[@R17]\]. When OS-2 is successfully docked on to 609NTT611 of APN, the single oxygen atom in it formed two hydrogen bonds with Asp609 and Thr610 of APN with bond lengths of 5.9 and 10.4, respectively. The final minimized structure of APNOS-2 docked complex has a binding energy of 24770.6 Kcal/J.

The OS-3 is docked on to 623NRT625 motif of APN. The oxygen atom in OS-3 formed three hydrogen bonds with different residues (Ser621, Arg624 and Thr625) of APN like with bond lengths of 17.9, 17.7 and 16.1 respectively. The final docked complex of APN-OS-3 has a binding energy of 24026.9 Kcal/J. OS-4 was docked to 751NGS753 motif of APN and the oxygen atom formed two hydrogen bonds with different residues of APN Ser754 and 752Asp 752 with bond lengths of 4.54 and 8.46, respectively ([Figure 2](#F2){ref-type="fig"}). The docked complex of APN-OS-4 has a binding energy of 251617 Kcal/J.

Multiple sequence alignments of APN sequences from various organisms showed three highly conserved motifs ([Figure 3](#F3){ref-type="fig"}). The three conserved regions are GEMENWGL (bestatin binding site in *E. coli* \[[@R18]\]), HEXXH (Zinc binding site \[[@R19]\]) and WWDNLWLNEGFA (associated with tumor angiogenesis in human \[[@R20]\]). The solvent accessibility data of these conserved regions in the predicted model is given [Table 2](#SD1){ref-type="supplementary-material"}. The solvent exposed residues in the conserved regions are visualized using solvent accessible surface area data. Thus, the data presented here help in the development of a roadmap for the design and synthesis of novel insect resistant Cry toxins.

Conclusion {#s4}
==========

A homology model of APN was constructed using Insight II molecular modeling software and the model was further evaluated using the PROCHECK program. Oligosaccharides participating in post translational modification were constructed and docked onto specific APN functional sites. Post analyses of the APN model provide insights on the functional properties of APN towards the understanding of receptor and toxin interactions. We also discussed the predicted binding sites for ligands, metals and Bt toxins in *M. sexta* APN receptor. These data help in the development of a framework for the design and synthesis of novel insect resistant Cry toxins.
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![APN receptor 3D-model showing four docked oligosaccharides on their respective binding sites](97320630003321F1){#F1}

![Molecular interactions between APN receptor and oligosaccharides (OS-1, OS-2, OS-3 & OS-4) is shown. The diagram is illustrated using LIGPLOT](97320630003321F2){#F2}

![Multiple sequence alignment of different APN protein sequences showing three highly conserved regions (highlighted in boxes)](97320630003321F3){#F3}
